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Abstract 
On account on nowadays trends in the field of finishing, hand polishing has to be replaced with superior process. An alternative is 
abrasive flow machining (AFM). In this paper, the influence of the process parameters and abrasive fluid flow on surface integrity, 
i.e. surface roughness and micro geometry, are investigated. The models correlating abrasive fluid flow and surface roughness are 
developed. To prove the efficiency, energy consumption analysis is performed comparing AFM and novel upgrade of it, i.e. AFM 
with movable rotatable mandrel. Results show that novel AFMmm is efficiently capable to remove WEDM (wire electric discharge 
machining) damaged surface, induce compressive residual stresses and produce polishing surface under dry conditions. Moreover, 
the novel upgrade of AFM process is besides finishing, capable also controlling the micro topography of the product. 
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1. Introduction 
The current industry is facing accelerated demands 
for higher quality of surfaces and higher added-value 
products. High-performance materials with specific 
property requirements (in terms of better functional 
properties, decreased cost and sustainability) and the 
ability to process them efficiently are crucial for new 
product development in many relevant industrial sectors 
such as aeronautics, automotive, railway, machine-tool 
and others. 
The idea is well defined and implemented in the other 
fields (architecture, civil engineering, etc.), but there is a 
huge lack of those principles implemented into the 
manufacturing/finishing systems and technologies [1]. 
Concerning finishing processes, they constitute 
important manufacturing activity that contributes to the 
growth of EU as well as global economy, especially by 
the highly growing automotive and aerospace industry. 
Manufacturing process demands approximately 15% of 
the total manufacturing cost for finishing operations. 
When the surface roughness value is less than one 
micron, the cost of surface finishing operation again 
increases sharply. In the manufacturing/finishing 
industry, still the ordinary hand polishing procedure is 
used, and presents one of the most time-consuming, 
expensive, health problematic and environment polluting 
solutions. The solvents and cleaners applied to polishing 
solutions/media, compounds, and metal particles 
generate significant amounts of waste as well as small 
particles that can enter the workers respiratory organs. 
Additionally, in many cases, hand polishing is also an 
unsuitable procedure due to high inability to assure 
constant roughness, constant thickness of removed 
material, adequate geometry after finishing, etc. 
Although these drawbacks trigger both cost and 
regulatory requirements, they can be addressed 
successfully through sound pollution prevention and 
alternative manufacturing practices, such as those 
provided with innovative abrasive flow machining 
(AFM). Therefore, the goal of this paper is to analyze 
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AFM finishing process and technology. Additionally, the 
innovative upgrade of AFM with movable/rotatable 
mandrel (AFMmm) that show high potential in 
improvement of their a) productivity, b) quality, c) 
environmental impact, d) energy consumption, e) 
operational safety, f) personal health, g) waste 
management, and h) manufacturing costs [2, 3], is going 
to be analyzed. 
1.1. AFM 
The abrasive flow machining (AFM) is actually a 
polishing technique (finishing method) that uses the flow 
of a pressurized abrasive polymer media, passing 
through the workpiece, for removing workpiece material 
(fig. 1) [4, 5]. AFM represents performance enhanced 
process and can be used for polishing, deburring, 
removing recast layers, etc. [3]. It is specifically 
appropriate for parts with complex geometry and high 
surface integrity demands. Despite of the advantages, the 
AFM process is still not widely and generally used in the 
real industrial finishing applications. Therefore, further 
development is inevitable. Because of this, the work goal 
is to show and analyze an upgrade of AFM for 
improving machining performances and process energy 
efficiency. 
 
 
Fig. 1. Scheme of the abrasive flow machining process (AFM) 
1.2. AFM and gear manufacturing 
The research presented in this paper was carried out 
on workpiece made of heat treated steel grade (AISI 
H11) that is used in injection molds. The purpose of the 
research was to investigate the influence of AFMmm 
performance on a case study. The study focuses on 
surface roughness and important micro geometry of the 
injection mold, to result in desired surface integrity of 
the final plastic products, i.e. convex shaped gears (fig. 
2), material: PA6 ULTRAMID B3S (BASF), gear 
geometry: modul = 1 mm, 20 teeth, width 6 mm.  
In the manufacturing of tools for injection molding, in 
general, the finishing process is destroying the 
geometrical characteristics (rounding of edges, removing 
some material, etc.). And with this, also the tolerances of 
final product are affected. The problems with 
geometrical tolerances can lead even to non-
functionality of the final product. This can be to some 
extent solved with development of performance 
predictive models of AFM that assure the possibility for 
optimizing the process setup, parameters, geometry as 
output, roughness, etc. The aim of this work is to apply 
this methodology on gear injection mold, improve the 
finishing process as well as prolong fatigue life of the 
final product (gears) and decrease their noise in 
operation. 
 
  
Fig. 2. Case study plastic gearing 
In general, plastic materials are sensitive to high 
temperatures and significant heat. This can contradict the 
tolerances in the process of injection molding. To 
contradict these issues, the molds have to be 
manufactured with high quality, focused to surface 
integrity. To assure this high quality, the standard 
procedure of WEDM (wire electrical discharge 
machining) is in most cases not sufficient anymore and 
further finishing process has to be performed [6]. 
Additionally, if taking under the consideration that new 
high performance gears that are coming into the usage in 
high tech products, are not any more 2D geometry, but 
have convex shape teeth, the alternative finishing 
process are desired. One of solutions to assure such 
geometry of gearing is AFM, used as a finishing process 
after WEDM rough manufacturing technique. 
2. Novel AFM upgrade – AFMmm 
One of the major problems with the AFM process, 
concerning finishing performances, is to get uniform 
finished surface roughness, uniform material removal 
rate on entire finished surface, required workpiece 
geometry/micro geometry, residual stress profiles, etc. 
[8]. 
These problems arise when the workpiece and so 
flow has relatively large cross-section with high speed in 
the center and lower on the machining surface of the 
shape. In this case the undesired variation of velocity, 
through the cross section, will appear. In the current 
state-of-the-art the problem is to some extent solved with 
the adjustment of abrasive fluid viscosity, but then this 
polishing media has limited performances (cannot then 
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be used universally also for small cross sections). The 
consequences of this problem are: 
 With increased workpiece cross-section, the speed of 
polishing media decreases and this results in lower 
 abrasive flow machining process efficiency. 
 Friction between the workpiece surface and the 
polishing media may lead to nonuniform distribution 
of polishing media velocity over the workpiece cross-
section (the lowest velocity in the contact zone of 
abrasive media and workpiece surface). This again 
results in lower process efficiency. 
 
The problem of nonuniform polished surface and 
nonuniform material removal can be solved by using a 
movable/rotatable mandrel (patent pending, [7]). AFM 
with movable/rotatable mandrel (AFMmm) achieves 
higher polishing media speed at the site of polishing and 
therefore higher efficiency of the process. In the same 
time is achieved drastically smaller pressure difference 
between the inflow and outflow of the polishing media, 
on the workpiece, as a result of the relatively small 
height of the attached part on the movable mandrel. The 
AFMmm principle is shown on fig. 3, presenting system 
on the principle of movable mandrel, where to the piston 
1 is attached rigid movable mandrel 6 and is so guided 
through the workpiece. With such a movement, the 
velocity of polishing media is locally controlled. 
 
  
Fig. 3. AFM with movable mandrel (AFMmm) 
As a feasibility study, numerical model has been 
composed by finite element modeling of the abrasive 
fluid flow (details on the FEM are available in authors 
PhD work [2]). Details on used abrasive fluid are 
presented in table 1. 
Tbl. 1. AFM used abrasive fluid 
 Parameter Value 
Polishing 
media 
parameters 
viscosity 2650 Pas 
abrasive mesh Mesh 80 
abrasive concentration 
abrasive material 
57 % 
Boron-carbide 
 
Additionally, the FEM analysis of AFMmm and its 
variants have been performed. The sample results of 
undesired pressure drop and velocities are shown on the 
following fig. 4-6. In all the cases it can be seen that the 
pressure drop with AFMmm principle drastically 
reduces, what is an advantage. Additionally, from the 
velocity results it can be seen that the mandrel is capable 
of locally raising the velocity. Normally the increase in 
abrasive fluid velocity is directly related to the increase 
of efficiency and quality of the polishing process. With 
movable mandrel the polishing process performance can 
so be controlled along the flow of abrasive fluid. 
 
 
Fig. 4. AFM: Δp = 0.17 MPa, vmax = 0.0105 m/s (a – pressure, b – 
velocity)  
 
Fig. 5. AFM with a fixed core: Δp = 3.40 MPa, vmax = 0.022 m/s (a – 
pressure, b – velocity) 
  
Fig. 6. AFMmm: Δp = 0.49 MPa, vmax = 0.022 m/s (a – pressure, b – 
velocity) 
3. Simulation of AFM in finishing of gear injection 
molds 
Most of the research performed on AFM has focused 
on the analysis of the process on the surface roughness 
and productivity (quantity of removed material vs. time) 
[2]. So in the current study the analysis is focused on the 
tool cavity for plastic gear injection process, while the 
aim is to reduce cycle time of finishing, further reduce 
roughness, assure constant effect of polishing along the 
profile as well as assure desired geometry/micro 
geometry of the cavity. However, the problem of AFM 
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polishing is that along the polishing media flow, due to 
the pressure drop, the efficiency of the process is varying 
(reducing). With novel upgraded methodology of AFM, 
the micro geometry can be also controlled. This can 
offer production of finished convex/concave micro 
geometries. The purpose of the current study is to 
manufacture polished mold for convex gear tooth (fig. 7 
and 8). 
 
For simulation of the velocity and pressure profiles 
along the flow of the polishing fluid through the cavity, 
the FEM (Finite Element Model) can be used [8, 9]. 
Therefore, the FEM model of AFM has been created. As 
on the AFM machine tool, the volume flow rate and inlet 
pressure can be set. Values are set as qv = 0.00001693 
m3/s and pressure pm = 3.5 MPa. The factors that directly 
relate to the productivity (removal of material per time) 
are the local pressure (normal force on the machined 
surface) and the velocity of the polishing media on the 
machined surface. With AFMmm, this can be controlled. 
In this way, while the specifications are to make convex 
gears with the 5 Pm size of convexity (the mold have to 
have concave shape), two different mandrels have been 
defined and simulated: (1) constant diameter mandrel 
and (2) convex mandrel. Both mandrels, compared to the 
polishing process without it, are shown in fig. 7. 
 
 
Fig. 7. Polishing set-up: a) no mandrel, b) constant diameter mandrel, 
c) convex shaped mandrel 
The FEM results are shown in fig. 8. Results show 
that with adding the constant diameter mandrel to the 
injection mold, the velocity is increased for a factor of 7. 
While, there is a huge pressure drop. However, for this 
specific case, we want non constant polishing efficiency 
along the polishing media flow. The efficiency has to be 
maximized in the middle of the gear width. With convex 
mandrel, the velocity profile can be obtained. 
Based on the FEM, it can be seen that at the inlet and 
outlet, the velocity is approximately 0.008 m/s. 
Contrary, in the middle portion of the flow, the mandrel 
significantly increases the velocity to 0.05 m/s. For this 
reason, higher volume of removed material is expected 
in the middle portion of the mold. With the optimization 
procedure, where the convex shaped mandrel has been 
defined, it can be seen that polishing is expected to be 
more efficient in the middle (high velocity), while the 
pressure drop between inlet and outlet can be neglected, 
'pm = 0.0768 MPa. 
 
 
Fig. 8. Distribution of polishing fluid velocities a) no mandrel, b) 
constant diameter mandrel, c) convex shaped mandrel 
4. Experimental procedure on case study 
Rough workpieces, have been prepared by wire 
EDM. The workpiece material is AISI H11 with 
hardness of 52 HRc and initial roughness Ra = 0.68 Pm. 
Finishing experiments are performed on the Kennametal 
Extrude Hone PROFILE 80 polishing machine tool, with 
boron-carbide polishing fluid. 
Analyzed has been the trend of surface roughness 
decrease vs. time and correlated with FEM velocity 
results. Results are shown in fig. 9. From the results it 
can be seen that the efficiency of AFM is increased if 
rather use AFMmm. 1650 s AFM polishing can be 
shorten to 240 s using AFMmm. In first half (0 - 120 s), 
the majority of polishing process is done, decreasing 
roughness from Ra = 0.68 Pm to the Ra = 0.08 Pm. For 
the final half (120 - 240 s), the process has gain just a bit 
smoother surface to assure desired Ra = 0.07 Pm. The 
same behavior has been observed with Ry, reaching Ry = 
0.4 Pm after 240 s of polishing. The results show 
significant improvement in the productivity of polishing 
process. 
 
 
Fig. 9. AFM and AFMmm influence on roughness vs. time 
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Based on the experiments and the FEM model, the 
connection between surface roughness and actual 
polishing fluid path, on the injection mold matrix 
surface, has been defined. It presents the length of the 
sliding contact of abrasive against the injection mold 
matrix surface, until the Ra Ĭ 0.07 Pm. Flow rate and 
the pressure are for the purpose of consistency kept 
constant for the whole research. Additionally, with the 
FEM, the polishing speed of abrasive fluid on the 
injection mold matrix surface has been defined: vpolishAFM 
= 7.6 mm/s and vpolishAFMmm = 52 mm/s. From this, the 
comparable path (spolishing) of the polishing media over 
the injection mold matrix surface has been defined that 
successes to decrease the roughness of EDM to specified 
finishing level. It turned out that for all the cases, the 
polishing path (sliding contact length) was: spolishing = 
vpolishining tAFM or AFMmm = 12.5 m. 
5. Energy efficiency of AFM vs. AFMmm 
Energy consumption is increasingly a key parameter 
that reflects the environmental burden. By reducing the 
energy requirements, the efficiency of the machining 
process is increased. Considering AFM, the possibility 
to decrease energy consumption in parallel to increasing 
the productivity can be sought in innovative upgrades of 
existing processes. This is the objective of this work, 
upgrading AFM polishing process with innovative 
AFMmm. This section so presents combination of 
experimental and analytical study to examine the 
behavior of the process, with detailed energy 
consumption calculation correlated to surface finish in 
AFM and AFMmm. 
In general the surface roughness in AFM polishing is 
dependent on polishing media pressure, flow rate and 
time. Set are outlet pressure, pout = 3.5 MPa, piston 
diameter, dp = 80 mm and flow rate, qv = 1.693e-5 m3/s. 
While the energy needed to press polishing fluid through 
the contour of injection mold matrix is influenced by the 
force and velocity of the piston that can be both 
calculated. However, first the inlet pressure has to be 
defined. This one depends on the process AFM or 
AFMmm, while the pressure drop between inlet and 
outlet is increasing the inlet pressure: pin = pout+pdrop. 
From the FEM based model, the pressure drops have 
been defined: pdrop_AFM = 0.38 MPa and pdrop_AFMmm = 
1.46 MPa. Through this, it can be calculated that inlet 
piston force in AFMmm should be slightly higher in 
amplitude: Fp_AFM = 19503 N vs. Fp_AFMmm = 24911 N. 
However, the benefits are expected in energy 
consumption. The calculated trend of the power and 
energy consumption of the finishing process (Q = PptAFM 
or AFMmm), in progress with time, are shown in fig. 10. 
From the comparison of AFM and AFMmm energy 
consumption plot it can be seen that AFM uses cca. 20% 
less power. Instead of 66 W, AFMmm drains 84 W. 
However, the process time is almost 7 times shorter in 
AFMmm. This at the end results in 80% reduction of 
polishing process energy consumption. The AFM total 
energy consumption reaches 30.1 Wh, while AFMmm 
reaches the sufficient roughness in 240 s and consumes 
only 5.6 Wh. Most of the benefits of polishing procedure 
are going on the account of the sliding speed of the 
polishing media over the injection mold matrix surface. 
Additionally, the AFMmm can besides polishing also 
control the shape/topography of the surface. 
Nevertheless, this result reflects overall smaller volume 
of polished fluid volume that needs to be pressed 
through the injection mold matrix.  Instead of 28 L or the 
polishing fluid pressed through the injection mold 
matrix, with innovative AFMmm, where the polishing 
media is pressed through the injection mold matrix with 
the increased sliding speed and slight increase of 
pressure drop, just 4 L is sufficient to get polished 
surface with Ra = 0.07 Pm, from the rough injection 
mold matrix (Ra = 0.65 Pm). 
 
 
Fig. 10. Power and energy consumption progress with the machining 
time to the end of the polishing process, comparing AFM and AFMmm 
6. Geometrical results 
One of the main objectives of this case study, besides 
roughness, is to obtain concave shape of the mold (to 
assure convex shape of gear). To quantify result, the 
profiles of gear teeth have been measured. The 
coordinate measuring system has been used. And the 
profile, shown on fig.11, has been constructed from 55 
measuring points. 
From those micro-geometry results, it can be seen that 
WEDM treated surface has straight line of gear tooth 
and on it superimposed high surface roughness. 
AFMmm finishing process, added to WEDM as post 
operation, in first line significantly reduces roughness 
and assures desired concavity. The concavity of cavity is 
so satisfactory assured with appropriate regulation of 
polishing fluid velocity and pressure on the way through 
the mold. The size of convexity is approximately 5 Pm. 
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Fig. 11. Shape of profile on tooth face after WEDM and AFM 
7. Fatigue tests 
To test the efficiency of such gears, fatigue 
experiments have been performed. With polished 
concave shaped injection mold, the plastic gears have 
been injected and tested. Fatigue test set up is shown on 
fig. 12. For transparent evaluation, the durability has 
been compared for WEDM and WEDM+AFMmm 
prepared matrixes and corresponding gears as products. 
According to standard VDI 2545 and preliminary tests 
[10], the mechanical load and rotational speed of gears 
have been set in all cases to 0.33 Nm at 1100 rev/min 
respectively. It has been observed, that plastic gears with 
polished and convex surface can resist double the life of 
unpolished (conventional) gears. The conventional gears 
have resisted 1.5 million cycles, while carefully prepared 
convex shaped and polished gears, went up to 3.4 
million cycles. Also the temperature during testing has 
been measured (pirometer), showing that AFMmm 
produced gears have on average 7 deg Celsius lower 
temperature than AFM polished ones. Therefore, it can 
be claimed that polished and convex gears can reach 
longer fatigue life on account of lower thermal loads and 
smother running. 
8. Conclusions 
The term finishing in this work refers to the 
application of Abrasive Flow Machining/Polishing 
process (AFM) with novelty - movable/rotating 
mandrels (AFMmm), to improve functionality of the 
final product and its performances. It is going for a new 
type of sustainable polishing process that is performed 
dry and clean, and is capable to be used in advance 
material and geometry processing technologies. So far, 
there are no systems/products available in the market 
integrating flowing of an abrasive laden viscoelastic 
polymer with simultaneously moving/rotating mandrel 
and so enhance overall process and product 
performances. 
In this work, the preliminary case-study has been 
carried out, to quantify an impact of AFMmm 
technology (improved innovative abrasive flow 
machining process) on improvement of treated 
workpiece surface and the workpiece micro geometry. 
The objective is to make convex gear tooth with 
polished geometry and the convexity height of 5 Pm, for 
improving the gear transfer efficiency. 
In case-study roughness and micro geometry of the 
plastic gear injection mold matrix before and after 
finishing operation, were analyzed. It has been shown 
that finishing time in the case of AFMmm technology, 
compared with conventional AFM, is reduced more than 
seven times. 
Moreover, alternative AFMmm can provide the 
improved cambered shape of gear tooth which is equable 
all over the finished surface. The cambered shape is the 
result of AFMmm media flow orientation and so 
beneficially influence plastic gears fatigue life. Plastic 
gears fatigue life, is when using AFMmm, prolonged for 
approx. 125 %. From a quantitative point of view, it 
appears that AFMmm, besides finished surface, 
generates also cambered shape with a maximum distance 
between points (convexity) of 5 μm. 
The work shows that AFM finishing system and 
technology that actually presents clean and dry 
polishing, with innovative combination of AFM flowing 
abrasive fluid and movable/rotatable mandrel 
simultaneously and controlled, has high potential in 
improvement of productivity, final product 
performances, energy consumption, and manufacturing 
costs. 
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